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ABSTRACT
A mistaken optimism persists that outcomes for 
childhood acquired brain injury (ABI) are in general 
superior to those for similar injuries in adults, a 
misconception based on naive concepts of greater 
‘plasticity’ in the immature brain. The challenges of 
rehabilitation after ABI, of bringing children ‘back’ to face 
the ‘future’ of completing childhood development with an 
injured brain, are reviewed in the context of the science 
of brain recovery from injury. Unrealistic expectations of 
recovery may cause subsequent events to be perceived 
as academic or employment ‘failure’. The challenges of 
supporting children and families after ABI are reviewed.
In one of his more cynical moments Voltaire claimed 
the role of the doctor to be ‘entertaining the patient 
while nature takes its course’. While most branches 
of medicine have long since thrown off such slurs, 
there may be a lurking doubt in many minds that in 
relation to rehabilitation medicine he may not have 
been too far off the mark. In this review I hope to lay 
such doubts to rest and illustrate that neurorehabili-
tation is a medical specialty whose time has come, 
propelled by progress in understanding the neurosci-
ence of injury and recovery.
FAILURE OF THE NEUROPROTECTION 
PARADIGM
We begin with a salutary recent tale of misplaced 
optimism. The 1990s were designated ‘The 
decade of the brain’ by George Bush Sr in rec-
ognition of the huge strides that were occurring 
in understanding the pathophysiology of brain 
injury. For the fi rst time it was recognised that 
injury led not only to direct damage but also to 
secondary injury due to a cascade of downstream 
processes. These events occurring in the hours 
and days after stroke, traumatic brain injury (TBI) 
or asphyxia, and their obvious potential as thera-
peutic targets aroused great interest. Particular 
attention was paid to the extracellular accumula-
tion of neurotransmitters, especially glutamate, 
due to diminished reuptake (in turn the result of 
partial energy failure and reduced ATP supply).1 
These excessive levels of extracellular glutamate, 
an excitatory neurotransmitter, triggered a cas-
cade of events leading to apoptotic cell death, a 
process termed  excitotoxicity.2 Sadly, however, 
with some notable exceptions,3 4 the impact of 
neuroprotective interventions in TBI has been 
extremely disappointing5 and the principles of 
neurointensive care of the injured brain in the 
paediatric intensive care unit (PICU) of the early 21st 
century are depressingly similar to those of the 
1980s.6 7
Why did these agents that were so effective in 
animal and in vitro models fail to deliver on their 
clinical promise? The answer is undoubtedly mul-
tifactorial: we certainly need to pay more atten-
tion to the heterogeneity of injury mechanisms 
(asphyxia, infl ammation, trauma)8 that combine 
in these situations and their relative importance in 
individual cases.9 But it is also important to recall 
that excitatory neurotransmission has important 
adaptive functions and is not primarily there just 
to cause havoc at times of injury: it is central to 
learning.10
Persistent changes in the brain in response to 
external stimuli – changes that outlast the stimulus 
and provide a record, an engram, of its occurrence 
– are the basis of memory and learning. Hebb long 
ago captured the central neurobiological hypoth-
esis of learning: coincident activity in adjacent 
neurons tends to strengthen mutual synaptic con-
nectivity: ‘cells that fi re together, wire together’. 
At a molecular level excitatory neurotransmission 
is thought to be central to ‘coincidence detection’.10 
It is also thought that the biology of recovery after 
injury (which is essentially a process of re-learn-
ing) is the same as that of developmental learn-
ing.11 Drugs blocking excitotoxicity if given too 
late after injury may be starting to interfere with 
the re-learning recovery process.
THE NEUROBIOLOGY OF RECOVERY
It is clear that we require an understanding of the 
neurobiology of recovery after injury at least as 
sophisticated as that of excitotoxic injury.12 Watching 
a child progress from coma through low-level states 
to more complete recovery is unceasingly fascinat-
ing. The process tends to follow a fairly characteris-
tic sequence13 and there is a temptation to envisage 
an intrinsic programme of functional restoration 
akin to a computer ‘booting up’, but there is no evi-
dence for this. Three processes underlie recovery: 
the healing of reversibly injured tissue, restoration 
and compensation.14 The fi rst is undoubtedly very 
important but arguably already fully exploited. The 
second and third comprise the twin aims of reha-
bilitative therapy. The optimal balance between a 
focus on restoration (eg, continued physiotherapy 
efforts to  re-establish walking) and compensation 
(eg, providing a wheelchair) in an individual case is a 
constant practical challenge of great importance. In 
other contexts it is assisted by longitudinal prognos-
tic frameworks such as the Gross Motor Function 
Classifi cation System.15 Further consideration in the 
context of acquired brain injury (ABI) is, however, 
beyond the scope of this review.
Early after injury the neurochemical, neurohu-
moral and neurogenetic milieu of the recovering 
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Another important and complex issue is learnt non-use, a 
term fi rst coined by Taub et al.23 24 The term is best under-
stood in the context of (adult) hemiplegic stroke, where it is 
often used to refer to a process at a behavioural level: the con-
sequences of a person’s acquiescent acceptance of the reduced 
function of the impaired arm.25 Given the dynamic nature of 
cortical maps (above), however, it is evident that this acquies-
cence will have direct consequences at a neuroanatomical level 
too: ‘use it or lose it’. The logical response to learnt non-use 
is forced use of the impaired arm (sometimes referred to as 
constraint therapy): the compelling of attempted action with 
the impaired arm by impeding function in the good arm with 
a large mitt, sling or even temporary plaster cast.26 The effects 
of forced use are again readily demonstrable in animal models, 
although it is clear that it is a powerful, unpredictable process. 
Extreme forced use, where a hemiplegic rat’s good side is totally 
immobilised in plaster for prolonged periods, appears capable 
of worsening outcome: apparently the massive demand on the 
paretic side for action causes an excitotoxic ‘burning out’ of 
penumbral tissue extending the injury.27 28 While this degree 
of extreme forced use is not clinically relevant, and the ben-
efi ts of constraint therapy have been demonstrated at least in 
the short term,29 controversy about the emotional impact, par-
ticularly for children, of being repeatedly ‘made to do the one 
thing I can’t do’ persists.30
The potential for pharmacological manipulation of plasticity 
(what might be termed neurorestorative therapy in distinction 
to neuroprotective treatments) is of understandable interest. A 
number of drugs have been shown to modulate recovery after 
acquired injury in animal models.31–34 Although some (partic-
ularly growth factors) would be very diffi cult to deliver across 
the blood–brain barrier, many are drugs already in clinical 
use for other indications. Stimulant drugs (dexamfetamine, 
methylphenidate) have received particular attention.31 35–38 
They have been shown to improve motor function in animal 
models of focal brain injury, but it is important to understand 
that the drug alone is ineffective. This is an effect mediated 
via rehabilitation. The drug increases ‘learning effi ciency’, 
allowing greater gains from rehabilitation.36 38 39 Positive 
effects on  use-dependent plasticity have also been shown in 
healthy human volunteers.40 41 These actions are distinct from 
‘attention defi cit’ effects42 and are more than a matter of help-
ing someone concentrate during a rehabilitation session. The 
addictive potential of these drugs highlights their intrinsic 
neuroplastic actions. Animal data highlight a complex timing-
dependent interaction between stimulant drug exposure and 
environmental exposure.43–47
ADULT HUMANS, OUR BEST ANIMAL MODEL
It should be evident that there are very real limits to the extent 
that fi ndings from adult clinical research can be directly trans-
lated to children. Figure 2 shows schematically the impor-
tance of considering time of injury relative to developmental 
milestones.
The architecture of the corticospinal tract of a child with 
cerebral palsy injured early in the maturation of that system 
is fundamentally different from that of an older child or adult. 
Analogous considerations apply to differential effects of lesions 
of ‘language’ areas before and after establishment of language 
function48 and to other examples of injury to brain structures 
prior to their developmental maturation, particularly to the 
frontal lobes prior to the establishment of executive function. 
There is a complex interaction between age at injury, time 
since injury and development. Ultimately, these arise from a 
central nervous system (CNS) is comparable to that of the 
immature brain. The CNS is plastic, or malleable, but plas-
ticity alone is not enough to ensure recovery. Plasticity can 
be maladaptive, leading for example to the establishment of 
post-traumatic epilepsy. Adaptive plasticity requires ‘shap-
ing’, and the driving force behind recovery is attempted action 
(fi gure 1).
The existence of cortical maps indicating representations of 
body areas in sensory and motor cortex is readily revealed by 
brain stimulation and functional MRI (fMRI) techniques. Our 
ideas of the permanence of these maps has been revolutionised 
by basic neuroscience insights of the last decade. Hubel and 
Wiesel’s seminal work on the establishment of binocular vision 
in the 1960s16 and the ‘amblyopia paradigm’ emphasised the 
critical period concept: windows of opportunity for change 
confi ned to the immature nervous system. In recent years, 
however, the view that these cortical mappings were ‘hard-
wired’ once these windows had closed have been dramatically 
revised.17–19 Many cortical representations are the results of 
dynamic equilibria between competing neuronal projections 
that continuously update to refl ect input and usage. If a cortical 
area loses a previous input, alternative competitor populations 
begin to invade. These changes are mediated by processes 
operating on at least three different timescales: loss of inhibi-
tion of pre-existing, suppressed projections (which can occur 
within minutes); processes in the dendritic tree of changes in 
synaptic connectivity driven by Hebbian learning (see above) 
occurring over hours to days; and axonal processes of sprout-
ing and reinnervation occurring over weeks to months.14
WHAT WE KNOW ABOUT WHAT WORKS
There is a wealth of animal data about recovery from various 
forms of ABI, but translating this to clinical practice is very chal-
lenging and raises many questions that refl ect the complexities 
of real world rehabilitation. It is abundantly clear from rodent 
work, for example, that environmental richness has a profound 
effect on recovery although this is more straightforward in the 
converse: environmental deprivation clearly worsens recovery 
(with a clear relevance to the Romanian orphanage literature20). 
What constitutes an optimal environment is less clear and an 
issue of great theoretical and practical importance. There is 
evidence, for example, that non-specifi c environmental enrich-
ment (a ‘fun cage’) improves general behaviour at the expense 
of task-specifi c abilities,21 presumably due to distraction from 
task-specifi c practice, and that environmental enrichment ben-
efi ts vary with time after injury.22
Figure 1 Cartoon of restoration of function in a partially lesioned 
network through synaptic plasticity. Some connections in an intact 
network (A) are lost (B). In the rehabilitation phase the lesioned 
network is still driven by external stimulation (pink arrow, top left 
in C). As activity spreads through the network (shown in pink) neurons 
are activated synchronously (D) resulting in the creation of new 
functional connections (dashed lines in E) as cells that ‘fi re together 
wire together’. The process continues (E, F) to result in a partially 
reconstituted network (blue lines in G superimposed on the original 
network from A in grey). Redrawn with permission from Robertson 
and Murre.66
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The biology of the glutamatergic system (and particularly 
the properties of glutamate receptors) shows developmental 
changes analogous to the switch from fetal to adult haemoglo-
bin51 and given the centrality of excitatory neurotransmission 
to both injury and recovery, the applicability of any fi ndings 
from adult neuroplasticity research to paediatric practice will 
require specifi c study.
ACQUIRED BRAIN INJURY
Just as the usefulness of ‘cerebral palsy’ as a disease concept is 
regularly challenged in an age of advanced neurogenetics and 
imaging, it is worth asking whether ABI is too broad a term 
to be useful. It certainly covers a very heterogeneous group of 
conditions. As with cerebral palsy, however, the main justifi ca-
tion may relate to service provision and planning. Services for 
children with additional needs, within health and education, 
are largely designed for the much larger numbers of children 
with developmental disabilities (including cerebral palsy) that 
are at most slowly evolving. The acquisition of injury after a 
hypothesis again initially stated by Hebb: ‘…It appears that an 
early injury may prevent the development of some intellectual 
capacities that an equally extensive injury, at maturity, would 
not have destroyed… some types of behaviour that require a 
large amount of brain tissue for their fi rst establishment can 
then persist when the amount of available tissue has been 
decreased… More fi bres are necessary [for the fi rst establish-
ment of an assembly] than for its later function’.49
Age-at-injury effects have been a subject of much controversy, 
simplistic thinking and confusion over many years.50 A belief 
that ‘younger was better’ is often erroneously attributed as the 
‘Kennard principle’ in reference to seminal works on recovery 
in immature and adult monkeys by Margaret Kennard in the 
1930s. Although such beliefs remain widespread, this simplis-
tic notion misrepresents her work. The benefi ts of greater plas-
ticity in the immature brain need to be balanced against the 
unfi nished work of completing development – to ‘make a year’s 
progress every year’ – with an injured brain. The result of the 
trade-off differs by domain of function (fi gure 3).
Figure 2 Schematic representation of the differing effects of injury to primary motor cortex at different ages. Rows represent from top to 
bottom: intact, prenatal, early postnatal and late postnatal injury. The fi nal, adult architecture (far right in each row) differs in each case because 
of interaction between the injury and developmental milestones, in this case the physiological regression and loss of ipsilateral corticospinal 
projections (blue) that occurs in normal early postnatal life due to competitive inhibition from the contralateral corticospinal tract (green).
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The epidemiology of ABI is awkward from both a research 
and service delivery perspective. Annual paediatric admis-
sions to intensive care units (ICU) for TBI (the commonest 
type of ABI) have recently been confi rmed as 5.6 per 100 000 
population with a post-ICU admission mortality of 9.2%.52 
We previously estimated the incidence of non-traumatic coma 
(defi ned as a Glasgow Coma Scale score<12 for >6 h) as 30.8 
per 100 000 with a post-admission mortality of 24%.53 Not all 
survivors of ABI have signifi cant morbidity, but every health 
service district sees single-digit numbers of new cases every 
year, not quite prevalent enough to ensure robust and univer-
sal district level provision, but frequent enough to regularly 
highlight defi ciencies.
SERVICE PROVISION
The characteristics of a successful rehabilitation programme 
lie less in team composition or facilities (although clearly both 
are important) than in philosophy. A defi ning feature of reha-
bilitation as a medical philosophy is goal focused working: in 
ICF (International Classifi cation of Functioning, Disability and 
Health) parlance, a focus on participation over impairment. 
Flexible interpretation of professional role boundaries is also 
key to a continuity of input across the rehabilitation process 
allowing the family to work with a single team throughout. If 
co-location allows it, it is highly benefi cial for the rehabilita-
tion team to become involved during the ICU phase: not only 
does this allow early preventive intervention (such as splinting 
to prevent contractures) but also eases what is often a very 
diffi cult transition for families from PICU to the rehabilita-
tion phase of care. Medical contributions in the early phase 
may include management of agitation (primarily environmen-
tal modifi cation to reduce over-stimulation: propranolol in 
severe cases and paradoxically stimulants to aid orientation 
in less severe cases) and control of severe dysautonomia,54 sei-
zures and spasticity. As with other groups with ‘vulnerable’ 
nervous systems such as the elderly, unwanted behavioural, 
confusional and sedative effects of drug treatment are very 
common. Intrathecal baclofen pumps are invaluable in the 
thankfully rare situation of severe total-body spasticity. It is, 
however, important not to assume ‘all stiffness is spasticity’ 
and to be alert to other movement disorder states including 
dystonia and parkinsonism.
OUTCOMES
Prospects for improvement are understandably a major focus 
of early interaction with families. Aetiology is a crucial fac-
tor: the outlook for early motor gains is much better in TBI 
(which is often predominantly a micro-multifocal pathology) 
than more pan- neuronal insults such as hypoxic ischaemia 
or hypoglycaemia.53 55 56 Where physical disabilities persist, 
seating, splinting, tone and posture management, swallowing 
and feeding issues are managed in manners familiar from care 
of children with cerebral palsy. However, as stressed above, 
acquired injuries should always be assumed to be patchy. A 
child sustaining major physical disability after 10 or more 
years of normal development is likely to have some preserved 
comprehension of spoken language, insight into their situa-
tion, and a desire and right to skilled augmentative and alter-
native communication (AAC) assessments to access expressive 
communication. Providing appropriate educational provision 
for such children can be very problematic.
While this group’s needs are undoubtedly severe, they are 
at least visible. The greater challenge lies in advocating for the 
much larger group (particularly of TBI survivors) who make 
period of normal development creates a situation that has 
often literally developed overnight, and fl exibility of response 
is a common challenge.
Additionally, if any unifying characteristic defi nes ABI it 
is the fundamentally patchy nature of the injuries sustained, 
resulting in patchy profi les of strength and weakness: the very 
severely injured child with major new motor control problems 
but relatively preserved cognition posing a severe challenge to 
augmentative and assistive communication (AAC) services, or 
the much commoner ‘invisibly injured’ profi le of a young per-
son who walks, talks and has full independence in activities of 
daily living but who remains very incapacitated by new exec-
utive skill weaknesses (see below).
Figure 3 In an adult setting and in the context of a previously fully 
established function, the meaning of ‘full recovery’ is clear (A). In 
children the situation is more complex: functions are developing with 
age (blue line in B). If injured at a young age (points x, y, z) recovery 
of function to preinjury levels is certainly better than failure to recover 
at all, but what matters is the trajectory beyond z: the challenge of 
completing physiological development without prejudice with an 
injured brain. The potential for domain-specifi c age-at-injury effects 
is shown schematically in C for an injury at about 5 years of age. 
The greater plasticity of the young brain, coupled with the relatively 
complete development of motor function (‘walk’) by this age predicts 
a relatively good motor outcome. Conversely, language (‘talk’) and 
particularly cognitive (‘think’) development is still very incomplete, 
creating the potential for ‘invisible injury’ where a child’s motor 
recovery belies the extent of cognitive morbidity.
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how to specify dose for many of the interventions we wish to 
study. Even basic tasks, such as the identifi cation of a child as 
making a better-than-expected recovery, which are fundamen-
tal to pilot studies require complex solutions.65 Nevertheless, 
the challenge is fascinating, and the motivation to improve the 
lot of survivors of ABI and their families a powerful one.
Dedicated to the memory of Mark Ylvisaker.
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often misleadingly good motor recoveries yet have very sig-
nifi cant residual cognitive defi cits that if unaddressed rapidly 
lead to educational, emotional and behavioural deterioration. 
It is important to understand the complexities of the processes 
that determine outcome after injury. It is not possible to state 
simply whether someone has ‘fully recovered’ from ABI until 
the impact on fi nal adult function can be inferred. Although 
acquired injuries are heterogeneous, infero-medial temporal 
and inferior frontal lobe structures are characteristically vul-
nerable (particularly in traumatic injury) due to their proxim-
ity to the fl oors of the middle and anterior cranial fossae. As an 
oversimplifi cation: skills gained prior to injury tend to remain 
more-or-less intact, but hippocampal injury reduces the effi -
ciency of new learning so children gradually fall behind. 
Another important concept is that of ‘latent’ injury. Frontal 
lobe injury in preadolescence may be relatively inapparent as 
the frontal lobe is still developmentally silent – it manifests 
several years later when the expected ‘maturity’ of later ado-
lescence fails to emerge.
These children pose great challenges to teachers who may 
struggle to understand what it is they are seeing. Relying on 
a child’s ability to recognise commonalities between multiple 
examples and to generalise these to new settings, is a funda-
mental pedagogical approach. Unfortunately, it is a frontal 
skill that may be specifi cally impaired and having to explicitly 
teach this is an unfamiliar challenge to most teachers. Failure 
to appreciate the ways in which problems can emerge with 
time late after injury results in under-recognition. Regrettably 
it is still all too common for the fact that an injury occurred 
while the child was at primary school to not even be conveyed 
to high school staff on the basis that the child was thought 
to have ‘recovered’ and the incident is erroneously presumed 
closed. A great deal of information is available to inform the 
educational remediation of ABI: the challenge is recognise 
what is being seen and to make this information available at 
the right time.57
Education as rehabilitation
The renewed awareness of the plasticity of motor cortex even 
of adult brains re-opens the restoration–compensation debate 
again in relation to cognitive function. There is much debate 
in the psychological literature about the relative value of 
attempts to retrain cognitive skills on an individual basis (res-
toration) versus environmental optimisation (an important 
form of compensation). The evidence base in relation to cogni-
tive restoration is currently limited (an authoritative database 
of evidence, largely confi ned to adult practice, is maintained 
at http://www.psycbite.com). Trials in children have shown 
defi nite but modest effects58 and the extent to which these 
benefi ts generalise to daily function beyond the specifi c trait 
practiced is still to be established. What is clear is that effec-
tive rehabilitation needs to be ecologically valid (delivered in 
meaningful contexts, such as school).59 60 Appropriate peer 
contact is very effective in modelling and providing feedback 
in emotional and social competence (http://www.bianys.org/
learnet/). It is also clear that the family environment (includ-
ing family ‘coping style’) is a hugely powerful mediator of late 
outcome.61–63
THE FUTURE
Many challenges remain in rehabilitation research. Our under-
standing of the many processes that occur in a rehabilitation 
encounter remains far from complete.64 A pharmacologist 
would say that we neither know the active ingredients nor 
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